
AD'-A245 817
Ni1L TFR 91-52 AD~IIII]j 11

SLIP CASI*.1TING AND GREEN BODY
EVALUATION OF 6% ViTRIA,
2% ALUMINA SILICON NITRIDE [

JANET QUINN
CERAMICS RESEARCF BRANCH

DT'I
December 1991

Approved for public r~elese; distribution unlimited.h

4,M30-2,11014

Ur~m 71RM AUY 1P*1 Watertown, Masochusirtts 021721 0001 9 - 3 1L A R O 4 T O Y ~ c V ~ f lU .S A R " M T E R I L S E C H O L O G L A 3 O R T!A



The (indinus m ttits retxort are maot ra ~ect'ritnid atin offi Qt~'l
NOWvartot of rti* Armyw position, iinleu so dlesqgrareo Ov OM?~f

sl ort'zed doo..wmflu

%efntsoqn of art trade mar" or vtwulacturem' n nil erooft

*sail mlot to comitruedl ss sovonsiing mor 4s in offitc:
t~oal nt socrtA'v ct luc19 ploduc1 )f comostnt" :w

t"O t.''rtd State Governvment.

OISPCtlSITCPO ,N5TqItC-!QINS

Ceuru'v %-,s v.oov1 -P .9 4 -4 0? *-

Z> "4 vtwnt 'a 'n fI Pk



UNCLASIFIED
SECURIY CLASS•FJCAr.,N OF THIS PAGE ("m Data E&wed)

READ INSTRUCTIONSREPORT DOCUMENTATION PAGE I BEFORE COMPLETING FORM
i. IEPORT NUMBER I GOVT ACCESSiON NO. 13. RECIPIENS CATALOG NUBER

MTL TR 91-52 1
4. 111 LE (mod Sue) & T VE 0- HE'OFnI & Port

SLIP CASTING AND GREEN BODY EVALUATION OF

6% YITRIA, 2% ALUMINA SILICON NITRIDE &. PERFORMING ORG. REPOW NUMBE

7. AUTHO.(i) &. ONIRAGI OH GRANI NUMBLH(j)

Janet uhinn

% 9. PERFOfING ORGANIZATION NAME AND ADDRESS iU.1iU(YUNAM itLIhMbNI, PHLUMtL;. I A,'* ,

AREA & WORK UNIT NUMBERS

US. Army Materials Technology Laboratory
Watertown, Massachusetts 02172-0001 D/A Project: 611102-H420011
SLCMT-EMC

11. CON I HQL~WJN O*01CEi N.AME AND AUUf4ESS 1Z. KLPOHI UA I

US. Army Laboratory Command December 1991
2M00 Powder Mill Road 1 NUM'e•t Of PAGES
Adelphi, Maryland 20783-1145 17

14. MONIi U-ING AGENC.,Y NAME & AUUHE-S (I,/d/qe. fro. C-vm~ (jif) 15. SECURfIY CLAsS. (o40us ,rpr)

Unclassified

'15 DECLAS&SiFW1ATMION/DOWNG DN
SCHEDULE

1A, D4STIBUTION STATEMENT (4.. Rpýw)

Approved for public release; distribution unlimited.

17. DISTRIBUJTION STATE mEN WO ffa abd'a ~mw . 8Jo* 20.o, .f~r Rp.,lwv

18. SUPPLEMENwARY NOTES

Silicon nitride
PrTOesSing
Charcterization
Slip casting

2o, A6ST PAc' Uw .'w*4f ~ . .~tb~

(SEE REVERSE SIDE)

FORM EofI"IO Of 1 ,4OV &5 is OBS•OtE-IFDDO i-• 71473 -17.IUNCLASSIFIED

SfCURfTY CLASSIF 'ATIrON OF THIS PACE tf1." fltoa Ew,,d)



$CWW=4M;W ýI ýAt Da En~ff*

ABSTRACT

Silicon nitride is an excellent candidate for many engineering ceramics. Slip casting
is a promising method for forming these ceramics.

This study examines some of the parametcs relevant to slip casting and the green
state of silicon nitride. Of these parameters, viscosity was found to be one of the most
impcrtant. Generally, it is desirable to keep the slurry viscosity low with the solids con-
tent as high as possible. Outside of particle size and shape, the primary viscosity control-
ling factor is the chemistry of the interface between the silicon nitride particles and the
suspending medium. The roles played by pH adjustments and dispersing agents in this
regard are examined. Viscosities and green densities for different solids loading were
determined. The ultrasonic moduli was also determined.

A relatively narrow range of slurry solids concentrations resulted in good, uncracked
gieen bodies. A linear relationship between the ultrasonic moduli and the green density
was observed.
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INTRODUCTION

The superior high-temperature properties of silicon nitride are well known. It has good
strength, excellent high temperature strength, oxidation resistance, and is resistant to thermal
shock. These properties make silicon nitride a good choice for many structural ceramics.
Additionally, its high thermal conductivity and low dielectric constant make it a possible candi-
date for electronic substrates.

Knowledge in the areas of characterization, machining, and proper firing parameters is
growing and crucial to the production of modern ceramics. Such knowledge also makes it
increasingly evident that a poor initial green body cannot result in a good final product.
Many fabrication problems can be traced back to the processes such as casting and green
body preparation and attention is being concentrated in these areas.t 4

SliF casting is one of the more promising methods of producing complicated ceramic
shapes and is easily accomplished in a laboratory setting. Many of the parameters associated
with slip casting are relevant to other processes such as pressure casting, and to a lesser
extent, injection molding and extrusion.

This study examines some of the parameters relevant to slip casting and the green state
of silicon nitride. Of these parameters, viscosity was found to be one of tie most important.
Generally, it is desirable to keep the slurry viscosity low with as high solids loadings as possi-
ble. Outside of particle size and shape, the primary viscosity controlling factor is the chemis-
try of the interface between the silicon nitride particles and the suspending medium.5  The
roles played by pH adjustment and dispersing agents in this regard are examined. Viscosities
for different solids loadings were determined and green body densities obtained. Characteriza-
tion also includes ultrasonic nondestructive testing and mercury porosimetry.

EXPERIMENTAL PROCEDURE

The starting powder for the bulk of these experiments is UBE-SN-E-10.* Another similar
powder, TOSOH-TS-10,t was also used for comparison purposes in two experiments. Both
powders are synthesized by the thermal decomposition of silicon diimide and both have nearly
identical sedigraph particle size distribution curves, chemical analysis, surface areas, and alpha
phase content, as listed in Table 1.

The silicon nitride powder was combined with 6% yttria, 2% alumina to form a slurry
with distilled water and either a commercial dispersant or ammonium hydroxide for pH con-
trol. The 6% yttria, 2% alumina slurries were mixed overnight in plastic Nalgene jars. Sili-
con nitride milling media were added to the containers to aid mechanical dispersion. The
slurries were de-aired approximately 10 minutes in vacuum before testing and pouring.

OUBE Industries, Ltd., 7-2, Kasumigaseki 3-Clu, Chiyoda-u, Tokyo 100, Japan.
ITOSOH Corp., Manyo Plant 4560, Tonda. Sinnanyo-shi, Yamaguchi-ken 746, Japan.
1. TORRE, J. P., and BIGAY, Y. Fabrication of Silicon Nitide Pars by Slip Caning. Cer. Eng. Sci. Prec., v. 7-8, 1986 (Cocoa Beach Conf.)
2. PERSSON, M., HERMANSSON, L., and CARLSSON, R. Some Aspects of Slip Casting Silicon Nitride and Silicon Carbide in Ceramic

Powders, ELsevier Scientific Publishing Co., Amsterdam, Holland, 1983, p. 735.
3. RABINOVICH, LEITNER, S., and GOLDENBERG, A Slip Casting of Silicon Niride for Prhsdels Sintering. J. Materials Science, v. 17,

19RZ p. 323.
4. OLAGNON, C., MCGARRY, D., and NAGY, E. The Effect of Slip Caning Paranerers on the Sinsenng and Find Prope/ies of Si3N4. Br.

Ceram. Trans., J., v. 8 9, 19 99, p. 75.
5. WHITMAN, P. Kg. and FEKE. D. L Companion of dhe Surface Charge Behavior of Commercial Silicon Niide and Silicon Carbide Powders

J. Am. Ceram. Sol., v. 71 no. 1i2 1998, p. 1096.



Table 1. COMPARISON OF UBE-SN-E-10 AND TOSOH-TS-10
SIUCON NITRIDE STARTING POWDERS

Chemical Analysts
(wt%) UBE-SN-E-10 TOSOH-TS-10

N 38.0 38.0

0 20 1.0

C 0.2 0.05
C4 0.01 0.030
Fe 0.01 0.010
Al 0.005 0.005
Ca 0.005 0.005

Mean Particle Size 0.6 0.6
("rm)
Specitfic.urface 11.0 12-2
Arme, (/g)
Al)pha-Phase Content 95 96

Since only 75 grams of powder comprised each specimen, a small sample adapter was
utilized for the Brookfield viscometer measurements. The slips were 'poured onto plaster
of paris molds to form either plates or bars, which were allowed to dry several days under
ambient conditions. All green bodies were heated in air to 700°C for one hour to drive
off moisture and burn out any additives. This heating cycle was completed in about seven
hours.

The plates, about 5.5-cm square x 0.9-cm thick, were ultrasonically tested with dry cou-
pling transducers to determine the longitudinal and transverse ultrasonic velocities.
Young's moduli, the shear moduli, and Poisson's ratio were then calculated from these
velocities. They were then broken into pieces for density measurements utilizing a mer-
cury autoscan porosimeter. Pieces as large as five grams were used for density measure-
ments, but actual porosimeter curves could only be obtained with smaller, one gram pieces.
The limiting factors are the porosimeter sample cell size and the limited volume of mer-
cury in the cell stem which could be absorbed by these very porous green bodies under
pressure.

pH-CONTROLLED VISCOSITIES

Figure 1 indicates the change in pH of a silicon nitride slip with time. This slurry, con-
sisting of 75 g of UBE powder and 112.5 g distilled water (40% solids), was continuously
mixed in a plastic jar containing silicon nitride milling media. No additives were present in
this powder-water mixture. The pH was periodically obtained during the course of four days
and was found to rise most rapidly during the first few hours.

This pH increase with time, accomoanied by a corresponding decrease in viscosity,
probably contributes to the popularity of "aging" slips in their water environment before
casting.

2
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Figure 1. pH versus mixing time 'or a 40% UBE silicon nitride - 60% distilled water slurry.

6..
This rise in pH with time was also noted by Pivinskii, et al. 6 who suggest the nitride decom-

poses in an initial time p-e.iod of three to five hours, after which there is no additional rise in pH.

The Figure 1 data confirms the pH increase, but at a much slower rate. Indeed, a pH
measurement taken of the Figure 1 slurry three days after the final test indicated that after
215 hours the pH was still rising slightly (pH = 9.49 at 215.22 hours).

P. Greil et al.7 refer to the aging effect and explain the pH change in terms of sur-
face compositior, and impurity content of the silicon nitride starting powders. They relate

an increase in pH to a high dissociation constant for the nitride decomposition proposed
in Reference 6, but note that a silica-like surface area would cause a pH drop due to the
hydrolysis of silica and disassociation of silicon acid.

The pH change of a silicon nitride slip thus represents a balance between the hydrolysis
of the pure silicon nitride and the hydrolysis of the silica surface layer.

Powder surface treatments such as preoxidation and chemical leaching would increase the
availability of silicon-oxygen compounds on the particle surfaces and lower the pH. Such pro-

8
cesses result in improved slips, but sintering parameters and/or the final product may be
affected. Obviously, manufacturers would prefer not to pretreat but to use the starting pow-
ders as-received. Careful characterization then becomes necessary, for the as-received particle
surface chemistry will dictate processing parameters and achievable viscosities.

6. P'1NSKII, YU. E., PODOBEDA, L G., BURAVOV, A. D., and POLUBATONOVA, L P. Some Properrie of Aqucouw Silicon Nitride SuN-
pensons. Ponrahkovaya Metallurgrya. no. 3 (159), March 1976, p. 37.

7. GREIL. P., NAGEL. A., STADELMANN. H., and PETZOW, G. Revie%, Colloidal Proce=ing of Silicon Nitride Ceramics. Ceramic Materi-
als and Componenls for Engines, p. 319.

8. STADELMANN II., PETZOW, G., and GREIL, P. E/Jecu of Surface P.rificati•oi in the Prlpenies of Aqueous Silicon Nitride Sutpensiont.
J. European Ceramic Society, v. 5, 1989, p. 155.
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The high pHs attained by the Figure 1 slurry would indicate the presence of very little
silica, or rather a relatively thin silica-like surface layer on the UBE starting powder. The
continuing rise of pH with time might correspond to the exposure of new silicon nitride sur-
face areas, either from the breakup of the silica-like particle coating or the breakup of the
particles themselves. The latter is likely to be negligible in a mixing rather than a milling
operation.

An indication of the amount of silicon oxygen compounds on the particle surfaces of the
UBE powder of this study was determined by an oxygen analysis performed by Luvik, Inc. of
Boylston, MA. A slurry was prepared identical to the slurry of Figure 1. Eight samples 4
were withdrawn from this second slurry over the course of several days. These samples were
dried and the resulting powder analyzed for oxygen content. Test results indicated no signifi-
cant change in oxygen with either pH or time during the course of this ex'-eriment. All sam-
ples indicated about 1.37% oxygen, consistent with the 1.3% oxygen listed in the UBE data
sheets. Of this amount of oxygen present in the samples, approximately 70% is estimated to
be concentrated at the particle surfaces in powders processed by the UBE route.9 The pow-
ders of this study, therefore, have a relatively thin silica-like particle coating accounting for
approximately 0.96% oxygen impurity.

The graph in Figure 2 demonstrates the dependence of slip viscosities on pH for the
as-received UBE powder with the 6% yttria, 2% alumina sintering aids. It is well known
that slip viscosities will drop with either very high or very low pH, as powder particles of
either positive or negative charge will repel each other. Zeta potential measurements as a
function of pH can be used to determine optimum slurry conditions. Highly negative and
highly positive zeta potentials correspond to highly charged particles and good dispersion,
with the worst slurry conditions occurring at a zeta potential near zero. For silicon
nitride, the zeta potential isoelectric point occurs at a pH of 5 to 6 (see Reference 7, 8,
and 10). High zeta potentials correspond to pHs below 3 and above 9. Slips are not gen-
erally produced in the low pH range since the viscosities are optimized at such highly
acidic slips that equipment and mold lifetimes are significantly reduced. Other considera-
tions include the effectiveness of commercial processing additives and compatibility of sinter-
ing aids in an acid environment.

The Figure 2 basic pHs were adjusted with ammonium hydroxide. As the soiids loadings
increase, the Figure 2 curves become steeper and move to the right. Higher pHs are neces-
sary to obtain optimal low viscosities as the particles pack closer together. At the highest sol-
ids concentrations, small changes in pH result in large viscosity changes until minimum
viscosities are achieved.

Silicon nitride slips are notoriously pseudoplastic (see Reference 2, 4, and 11). The
extent of this shear-thinning is evident in Figure 3, where higher shear rates result in lower
measured slip viscosities. Since shear rate sensitivity decreases at higher values, there is an
advantage to working at higher shear rates for data comparison and reproducibility. Also,
thixotropic effects are reduced at higher shear rates.11 Subsequent figures in this study
include data at different shear rates to further characterize the shear thinning effect.

9. DANFORTN, S. C., and HtAGGERTY, J. S. J. Am. Ceram. Soc., v. 66, 1983, c. 58.

10. SHAW, T. M., and PETHICA,. B. A. Preparation and Sinuering of lHomogeneous Silicon Nioide Green Compacts. J. Am. Ceram. Soc., v. 69,
no. 2 19R6, p. 88.

11. MOORE, F. The Rheoloiy of Ceramic Slips and Bodies. Br. Ceramic Research Association 1028-58 (try Trans. Brit. Ccram. Soc.,
starting '59).
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Figure 2. Viscosity versus pH for si Thcon nftrke slirries at shear rate-
39.6/sec. As the solids concent.ratons Increase, fhe curves become
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Figure 3. Viscosity versus shear rate The viscosities are less shear-

sensitive at higher shear rates and lower solids concentrations.5L



Figure 4 indicates the lowest attained viscosities for the UBE silicon nitride with 6%
yttria, 2% alumina slurries. These viscosities were obtained by noting the pH and solids
concentrations of the minimum viscosities in Figure 2. The left axis indicates the mini-
mum pHs needed to attain the viscosities while the right axis indicates the corresponding
solids content. The pH values rise at approximately the same rate as the solids concentra-
tions within the range exhibited in Figure 4. As can be seen, the curve starts to flatten
at about 60% solids concentrations. Additional solids result in large viscosity increases, lim-
iting slip casting to solids concentrations under 65% for this type of slurry.

PH Solids -.

9.7 - 60

9.5 50,

9.1 ,0 Sc I ae '

.91 + 391e

0 5 10 15 20 2^5 30
Viscosity - centipoise

Figure 4. Lower:• attained viscosities for solids concentrations (right axis) at
the correspor,,ng nHs (left =xis). The middle curve (shear rate = 39.6/sec)
can be determined from the minimum viscosities in Figure 2.

SUPS WITH COMMERCIAL ADDITIVES

A commercially av, ilable dispersant, Darvan C,* was added to several slips. Darvan C is an
ammonium polymethacrylate aqueous solution containing 25% solids. Varying amounts of this lia-
uid, about 0.2% to 0.4% of the slurry solids content, was found to optimize the slip viscosities.
The slips containing the Darvan C additive behaved similarly to slips without the additive but at
lower pHs. Shear-thinning behavior was still evident. As can be seen in Figure 5, the effect of
this additive was to lower the pH at which the minimum viscosity was reached.

An advantage to using Darvan C is easier viscosity control since a small amount of this .:
additive lessens the need for the pH - controlling ammonium hydroxide which is volatile (and
pungent). Also, the more highly basic slips can be detrimental to equipment and molds.

"R. T. Var. ,erbuili Co., Norwalk, CT.

6



Finally, the zeta potentials of the yttria and alumina sintering aids are closer to the silicon
nitride zeta potential in the less basic Darvan C slips. A disadvantage is the inclusion of a
burn-out step in the removal of this additive, although residual ash (0.04 wt%) is minimal. 12

9.4 pH Solids - 70

./

*1 /'9.2 I U

Ii/ / /

,I/ ,1' /

,.v/ /
/i /1

0 7.52jse

9 IQ 2^0 A 40 5) 70
Yiscosity - centipoise

Figure 5. Lowest attained viscosrtls for Darvan C slumes for solids concentra-
tlons (right ais) at corresponding pHs Oeft axis). Companso.. with Figure 4
Indicates the same optimal vscosttis are acdhieed at lower pH values.

Approximately 0.05% of another commercial dispersant, Lignosoi NST-15O,* was added to
some slips. Slurries containing this lignosulphonate wood derivative did not exhibit uniform
rheological behavior. Some of the slips with high solids concentrations were rheopectic, but
this could be exacerbated by the small sample sizes which dry quickly. Shear-thinning was
much reduced, and a slurry containing the very low solids concentration of 35% was dilatant
at the lower shear rates. This is illustrated in Figure 6. The Figure 6 axes are the same as
the Figure 3 axes for easier comparison. Reference 2 also notes a marked shear-sensitivity
decrease in slurries containing a lignosulphonate dispersant.

Any advantage to using lignosulphonate dispersants must be weighed against the difficulty of
burning the additives out of the resultant green bodies. A crucible containing Lignosol NST-150
was heated to 800'C for three hours in air after which 0.71% solid residue yet remained.

Four slips were prepared with 0.6% Polyglycol E400,t a plasticizer. Green bodies con-
taining this additive seemed somewhat less prone to cracking, but the liquid slips were very
slightly more viscous. This can be seen in Figure 7, which compares the resulting viscosities
of all the slurries of this study.

iDaishowa Chcmicals. Inc.. Quebec, P. Q., Canada.
tDow Chemical Co., Midland, MI.

12. SHEPPARID, L B. The Changing Dlemandf!]. Ceramic Additie.. Ceramic Bulletin, v. 69, no. 5, 1990, p. 802.

7



3 Viscosity

20

+t +

.9-
#+

0 0 40 60 86 1100

Shear Pate - sec -,
Flxuw@ 6. Viscosity versus shear rite for a slurry containing Lignosod NST 150.
The anomalous rleologIcaJ behavior Is apparent if :ornpanson with Figuro 3.

7Solids-

70

/ 1.2.,se v.r nti

30 . + .E ermrC•

~ 5 :~ !5 ^ r

Viscosity - c~nt:poise

Figure 7. S.•ds comeriTon v mr-us v-s.t_ T'he beram % " qt sc.s,
low VCM f ytwP) were c0.i3nevc w• h the TOSON int , poo drr wt rier" s wki(-
rims wth Itep~gc~~kRe(PEG) Me in tN) poorer rogior beewtih "t cunvo



Two slips were prepared from an as-received TOSOH silicon nitride powder in an identi-
cal fashion as the UBE slips of Figures 3 and 4. The pH-controlled viscosity data from these
two slips are also included in Figure 7. All the Figure 7 slurries contain the 6% yttria, 2%
alumina sintering aids. The single, high shear rate of 79.2/sec was choscn to more easily com-
pare the data.

All the slurries tend to follow a general curve, with the polyglycol additive (PEG) slurries
slightly under the curve, and the TOSOH slurries slightly above the curve in a higher, more desir-
able region. Whether controlled by pH alone (ammonium hydroxide), or with the aid of disper-
sants, the slurries of the as-received starting powders all have limiting viscosity and solids
concentration values within 3% of the Figure 7 curve. Changes in powder surface treatments or
particle shape, size, or distribution appear to be necessary to significantly alter this curve.

GREEN BODY CHARACTERIZATION

Slip casting requires a low viscosity for the slurry to be poured and dewatered, especially
for intricate shapes. At the same time, a high solids concentration is ncccssary to minimize
shrinkage and achieve a dense, sintcrable green body.

Cracking was evident in green bodies cast with solids concentrations undcr 52% and
exceeding 62% with or without the commcrcial dispersants. It was noted that the cracking
was somewhat abated in slips containing the PEG plasticizer and in slips which were dried in
a high humidity, low temperature environment.

Densities and porosimetcr curves were obtained for green bodies cast of slips within $he
54% to 62% solids range and dried under ambient conditions. Two of the slips were compriscd
of the TOSOH starting powders, the rest of the UBE powders. Four of the UBE slips con-
tained about 0.3% Darvan C, and four other UBE slips contained 0.6% Polyglycol E4(X).

Densities of small, porous green bodies are not easily measured. Geometric densities are
not adequate for very small samples, especially if the shapes are not exactly regular. Combina-
tions of coatings and the water-Archimcdcs method proved difficult to implement, although
Reference 13 describes a glucose-Archimedes mcthoJ which is successful with green bodies of
low porosity.

1 3

Densities were obtained by placing each specimen in a porosimeter sample cell. Mercury
was introduced into the cells under atmospheric pressure. The measured sample weights and
the combined mercury-sample weights. together with the known cell volumes and mercury den.
sity, were utilized to calculate the sample densities. These densities were plotted against sol-
ids concentrations. The somewhat scattered results comprise Figure 8 from which a few
general trends can he noted.

The green body densities in this study generally rise with solids concentrations, which is
to be expected. The better densities were achieved with the TOSOII starting powders, and
the wor-t with the slurries containing the PEG addiliv,c. This detrimental effect might he off.
set, however, if cracking could he controlled by this .tdditive such that a higher solids loading
were possible.

13. I:NNIN0. F'. C M, And ('14l! INI4R. W , w .,•n.tm•-nw I)-,m.,'m,,. .,fJ•, ) ('nms. 1. ,m. (cfrm •c,
v. 72. wo. 7, 1109. p.I2M.
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Figur 8. Green body density versus solids comotrafrton. I he
somewhat scanleJ resufts indicates a trend for green densfts
to Increase with soWids concentrations.

The green body densities were corfirmed in an interesting way. The intruded volumes of
mercury were obtained from the porosimcter curves of all the green bodies. The intruded
volume was added to the volume occupied by the green body solids, assuming the solids den-
sity to be 3.28 g/cc. (This composite density is obtained for a 6% yttria, 2% alumina, 92%
tilicon nitride with individual densities of 5.03, 3.99, and 3.20 &/cc, respectively.' The sample
weight was then divided by the combined volumes. The resulting values comprise Table 2
where they are compared to the densities previously obtained by the modified mercury
Archimedes method. It is readily apparent that the densities calculated from mercury intru-
sion agrced very well with the more conventionally obtained densities. In many cass, the
values match to all three significant digits. The minor discrepancies occur at the higher
densities for several reasons. One is that the sample passageways become so small that
higher applied pressures must be utilized for more complete mercury intrusion. The porosi-
meter curves flatten so gradually at these higher pressurcs, it is difficult to estimate the final
total intrusion values. It is even possible that the higher density green bodies contain a very
small volume of porosity which is not surface connected. These possibilities favor an error
which would give artificially high density ,alues, which is the case here. Nevertheless, the
close agreement of the densities in Table 2 indicates the Figure 8 scatter is more likely due
to inconsistencies in p11 and powder measurements than green density measurements.

Figures 9a and 9b are repre-sntative porosimeter curves for samples of the same mass hut
different densities. The Figure 9a graph illustrates the trend for mercury to enter the low den-
sity samples under a low pressure, followed by a steep intrusion curve which levels oft quickly.
The higher density curves, however, start at higher initial pressures, then rise and level off more
gradually, as illustrated in Figure 9b.

t0



Table 2. COMPARISON OF DENSITES CALCULATED BY TOTAL INTRUDED MERCURY (SAMPLE
MASS/COMBINED VOLUME) AND BY THE MODIFIED MERCURY-ARCHIMEDES METHOD

(CONVENTIONALLY MEASURED DENS"1Y

Porosimeter Int ruded solids Sample Mass Conventionally
Sample Sample Mass Volume volume Combined Volume Measured Density

Dewription (g) (CC) (cc) VIMc) (g/cc)
UIBE 0.911 0.3795 0.2m7 1.37 1.37
USE 0.884 0.3195 0.2633 1.48 1.47
USE 1.265 0.45N6 0.3857 1.51 1.51
USE 1.296 0.4020 0.3951 1.63 1.61
USE, Dauvan C 0.923 0.3823 0.2814 1.39 1.39
USE, DavuiC 1.063 0.4048 0.3302 1.47 1.47

USE, D&I C 1.07 0.3921 0.3262 1.49 1.48
USE, Oarvan C 1.253 0.4245 0.3820 1.55 1.54
USE, PEG 1.02 0.45Z5 0.3110 1.34 1.38
USE. PEG 1.13 0,45U4 0.3445 1.41 1.41
USE, PEG 1,48 0.511W 0.4512 1.45 1.42
USE. PEG 1.30 0.4610 0.3964 1.52 1.52
TOSOH 1.365 0.4252 0.4161 1.62 1.65
TOSOM 1.033 0.292 03149 1.70 1.68

Volume. CCO

0.5.

0.4:

0 2-

sciecir'eri -ass

CA-USE slr~j ocde

0 .2 j3 AL

Pressure. *.COO z)rt

Figu 9s. Intruded Hg volume ve~uS priessure for a low density sample
The low priessure at wtrc intrusion bein~s (c 100X0 psi) fo~llowed by rapid
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From this data it can be inferred that the green bodies have no channels or passageways
larger than the size associated with the initial intrusion pressure. This doc3 not mean that
very large pores do not exist within the green bodies; it is only the size of the interconnect-
ing passageways which affect the intrusion pressures.14 Denser green bodies have narrower
median passageways, but a much wider passageway size distribution, as inferred by the flatter,
more elongated porosimeter curves.

These observations are illustrated in Figure 10. The lower curve indicates the pressures
at which the mercury first intrudes the samples. The upper curve is the median pressure at
which the greatest influx of mercury occurs.

It is apparent in Figure 10 that the intrusion pressures rise rapidly as the green densi-
ties approach 1.7 gcc. Perhaps specimen cracking beyond these densities are due to diffi-
culty in dewatcring the slurries as the interparticlc passageways become too narrow or even
nonexistent.

Ultrasonically determined moduli were obtained for the green bodies of Figure 10.
Young's modulus, E, and the shear modulus, G, were calculated from the following equations:'3

14. LEF7, Ff. H. D. Validiv of VnUin, W4cug Pattrim~v itn Charocrrize the Pw, 5ouctur nf(.c• corm C(•M"ta , J. Amer. Ccrim. •c,..
v. 73, no. 8. 199,, p. 2.305.

I. MCGONNAGITJ, W. J. Nord-stmuctive Temwig. (Yhrdon and Rrrc-ch. Science PuNi~shm. Inc., New Yort, NY. 1961. p 211.

12



E =PV (1+ v) (1-2s,)/(1-,) (1)

G = PVt

where P = material density, Vj = longitudinal wave velocity, Vt = transverse or shear wave
velocity, and P = Poisson's ratio = (E/2G) - 1.

Intrusion Pressures X 1000 psi

2.5 x U.F
o TWI

0
0

0

1.5

)ý* x*
xx

x

1.3 1.4 '_5 1.5 1.7

Censity, g/cc

Figure 10. Intrusion pressures vesus densiy. The initial and nledian
Inttrusion pressures rise rn~e quickly with density as the channels
between parlicles become narrower.

These equations arc commonly employed with fully dense, isotropic materials, but cvi-
dence of validity with porous sintered ceramics has recently been cstablished.16 It has not
yet been fully determined that the moduli in ceramic green bodies can be accurately calcu-
lated by the previous formulae. Nevertheless, linear relationships between the acoustic moduli
and green body densities in alumina and stcatite have been demonstrated. t7 Linear relation-
ships were also found for the silicon nitride green bodies of this study, as illustrated in
Figure 11. From this figure it can be seen that most of the combined density data fall on sin-
gle straight lines, with the exception of the specimens which contained the Polyglycol E400
additive. These specimens fall on separate, lower lines. Evidently, ultrasonic velocities are
sensitive to differences in green bodies processed with this additive. The differences are
likely structural and could affect subsequent sintering. A more detailed analysis of the ultra-
sonic data is presented in Reterence 17.

16 B3FIARDWAJ, M. C. Simple VJT'raowjiicND1Cfrw Advamced Cerwnicj fl•l•,emne, and Wanufacnar. Pncrrdin¶ o" Inler-naionali Prnix-.,
Modeling and Mechanical Behavww, Anaheim, CA. Fetruary 19-22. 1910,0.

17. QUJINN, J., and TARDIFFT, L U7faseui Evaluatin o'Sihcn' Niode (nr,¶ &duy. tS. Army Matenrals Tcchnom'lo' LaNx)rtory, MTI.
TR 91-19, May 1991.
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Figure 11. Ultrasoically determined Young's modulus, E, versus density.
The samples which contained the pcIhlycol additive (PEG) comprise the
lower rin, while the other samples follow the highe( line.

CONCLUSIONS

Slip casting of silicon nitride with 6% yttria, 2% alumina is controlled by numerous inter-
dependent variables, including solids concentration, pH, viscosity, and commercial processing addi-
tives. These variables can be optimized for starting powders in the as-received state, but initial
powder characterization will dictate achievable parameters. Further optimization would necessi-
tate powder surface treatments or changes in physical powder characteristics; e.g., milling.

A relatively narrow range of slurry solids concertrations resulted in good, uncracked green
bodies with the upper limit of this range producing the densest samples. Porosimetry results
suggest difficulty in extending this range if cracking is due to closed or narrow interparticle
channels within the specimen which would hinder dewatering and drying.

Nondestructive ult'asonic testing revealed a linear relationship between ultrasonic moduli
and specimen densities, and also indicated differences in specimens processed with a commer-
cial plasticizer.
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